A ribitol-positive transductant of Escherichia coil K-12, JM2112, was used to facilitate the isolation and identification of mutations affecting the L-fucose catabolic pathway. Analysis of L-fucose-negative mutants of JM2112 enabled us to confirm that L-fucose-l-phosphate is the apparent inducer of the fucose catabolic enzymes. Plating of an L-fuculokinase-negative mutant of JM2112 on D-arabinose yielded an isolate containing a second fucose mutation which resulted in the constitutive synthesis of L-fucose permease, isomerase, and kinase. This constitutive mutation differs from the constitutive mutation described by Chen et al. (J. Bacteriol. 159:725-729, 1984) in that it is tightly linked to the fucose genes and appears to be located in the gene believed to code for the positive activator of the L-fucose genes.
The L-fucose catabolic pathway in Escherichia coli K-12 consists of a series of enzymes which catalyze the conversion of L-fucose to dihydroxyacetone phosphate and Llactaldehyde. In addition to the catabolism of L-fucose, enzymes of the L-fucose pathway have been shown to be recruited for the metabolism of a number of novel carbohydrates including L-1,2-propanediol, 6-deoxy-L-talitol, and D-arabinose (9) (10) (11) 14) .
Studies on the regulation and genetics of the early enzymes of fucose metabolism, the permease, isomerase (EC 5.3.1.3), and kinase (EC 2.7.1.52), have been hampered by the inability to distinguish between a mutation in the positive activator protein of the fucose pathway and mutations preventing the formation of the inducer of the fucose enzymes, L-fuculose-1-phosphate. This inability to identify the nature of mutations which prevent the induction of the L-fucose enzymes is compounded by the difficulty in isolating mutants which constitutively synthesize these enzymes. Our approach to this problem was to construct metabolic pathways in E. coli K-12 that would simplify identification of mutations within the L-fucose pathway and permit differentiation between regulatory mutations and structural gene mutations. The pathways we constructed in E. coli K-12 were those for the catabolism of 6-deoxy-L-talitol and D-arabinose and are diagrammed in Fig. 1 . Ribitol dehydrogenase (EC 1.1.1.56)-constitutive (rtlC) mutants of Klebsiella aerogenes W-70 utilize 6-deoxy-L-talitol by oxidizing it to L-fuculose and catabolizing the L-fuculose via the fucose pathway (25) . Growth of cells on 6-deoxy-L-talitol, therefore, provides an alternate route to the synthesis of L-fuculose and L-fuculose-1-phosphate and allows easy identification of mutations in either the L-fucose permease or the L-fucose isomerase, since these enzymes are not required for growth on 6-deoxy- (19) . In this paper we describe the use of a ribitol-positive E. coli strain to isolate and identify mutations of the L-fucose pathway, to identify the apparent inducer of the L-fucose pathway, and to isolate mutants which constitutively synthesize the permease, isomerase, and kinase of the L-fucose pathway.
MATERIALS AND METHODS Bacterial strains and culture conditions. All bacterial strains, with the exception of SG404, were derived from E. coli K20, an E. coli K-12 strain which has acquired the ribitol catabolic genes by transduction (19 glucose-mineral medium, and dilutions were plated on eosinmethylene blue agar containing 1% L-fucose. Fucosenegative isolates were screened for the ability to grow on xylitol, 6-deoxy-L-talitol, and L-rhamnose. Xylitol-negative and rhamnose-negative isolates were not studied further.
Preparation of L-fuculose. L-Fuculose was prepared from whole cells by a modification of the procedure of St. Martin and Mortlock (24) . Strain JM3406 was grown to the stationary phase in 300 ml of mineral salts medium containing L.0o casein hydrolysate. Cells were harvested by centrifugation, suspended to one-third the original volume in 0.25 M borate buffer (pH 7.8) containing 0.5% L-fucose, and incubated at 37°C with aeration for 18 h. The cells were removed by centrifugation, and the supernatant was filtered through a 0.45-,um-pore-size membrane filter (Millipore Corp.) to remove any remaining cells. The filtrate was mixed with Dowex 50W-X8 (200/400-mesh) resin (H' form), and the resin was removed by filtration through a Whatman no. 1 filter. The filtrate was concentrated by vacuum evaporation, and most of the borate was removed as the methyl ester (18) . The concentrated sample was passed onto a borate-specific ion-exchange resin (Borasorb; Calbiochem-Behring) and eluted with water to remove any remaining borate. The sugar-containing fractions were reconcentrated, and the L-fuculose was separated from unreacted L-fucose by passage through a column of Dowex 50W-X4 (200/400-mesh) resin (Ca2' form) (1). The column (2.5 by 60 cm) was eluted with distilled water, and the sugar-containing fractions, as determined by the cysteine-carbazole method of Dische and Borenfreund (8) , were concentrated by vacuum evaporation. The resulting 0.1 M sugar solution was stored at -20°C. Thin-layer chromatography in a 5:7:1 butanol-ethanol-water solvent system showed the fuculose to be free of residual L-fucose.
Preparation of cell-extracts. Cells in the late-log phase were harvested by centrifugation, washed in cold water, and suspended to one-third the original volume in 10 mM Tris hydrochloride (pH 7.5)-l mM 2-mercaptoethanol. Cells were broken by sonication for 30 to 60 s with a Braunsonic 1510 sonicator. Cell debris was removed by centrifugation, and protein was determined by the method of Bradford (3), using reagents obtained from Bio-Rad Laboratories.
Enzyme assays. The continuous assay for L-fucose isomerase with purified ribitol dehydrogenase has been described previously (15) . L-Fuculokinase was measured as the disappearance of L-fuculose by a two-step colorimetric assay (16) . L-Fuculose-1-phosphate aldolase activity was measured as the production of dihydroxyacetone phosphate as determined by the method of Heath and Ghalambor (14) .
Transport of L-[14C]fucose was measured as described by Roberts et al. (20) .
Transductions. Bacteriophage Pl::Tn9 clr-100 was prepared from the lysogenic strain SG404. Lysate preparation and transduction procedures have been described previously (6, 21). Mutations in the L-fucose region were mapped by cotransduction with a transposon (TnlO) located adjacent to the L-fucose genes. Bacteriophage X561 was used as the vector for random TnWO mutagenesis. The TnWO insertion adjacent to the fucose genes was isolated as described by Davis et al. (7) (25) . RESULTS Differentiation between permease-isomerase and regulatory-kinase mutants. The L-fucose-negative mutants generated by ethyl methanesulfonate mutagenesis of JM3000 were assigned to three classes based on their ability to synthesize the L-fucose enzymes when grown on casein hydrolysate plus L-fucose. These classes are listed in Table 2 . Class 1 To determine whether the kinase was constitutively synthesized in JM3406, it was necessary to transduce a functional kinase gene back into this strain. Bacteriophage Pl::Tn9 clr-100 grown on JM3000, a strain which is wild type for the L-fucose enzymes, was used to transduce JM3406 to fucose prototrophy. Of the fucose-positive transductants, approximately 90o had lost the ability to grow on Darabinose, indicating that the constitutive mutation was linked to the kinase mutation. Assay of L-fucose permease, isomerase, and kinase in JM1113, a transductant of JM3406 which has regained a functional kinase but still contains the regulatory mutation fucR6, showed that the kinase was constitutively synthesized along with the permease and kinase (Table 5) . These enzyme activities, in contrast to JM3406, were inducible to higher levels when cells were grown in the presence of L-fucose, providing another proof that the kinase is required for synthesis of the inducer of the permease, isomerase, and kinase. DISCUSSION We constructed strains of E. coli K-12 containing novel pathways which allowed rapid isolation and identification of a number of mutations in the genes which code for the enzymes comprising the L-fucose pathway. Using these strains, we were able to show that L-fuculose-l-phosphate is the apparent inducer of the L-fucose permease, isomerase, and kinase in E. coli K-12. Our induction data and the isolation of a mutant which constitutively synthesizes the permease, isomerase, and kinase of the fucose pathway are consistent with earlier studies that indicate that the permease, isomerase, and kinase make up one regulon and that the aldolase is part of a different regulon (4, 12, 13) .
Mutants which constitutively synthesize L-fuculose-1-phosphate aldolase and are noninducible for L-fucose permease, isomerase, and, kinase have been isolated by selection of mutants which grow rapidly on L-1,2-propanediol (12). Fucose-positive pseudorevertants of these aldolase-constitutive mutants were found to synthesize the early fucose enzymes constitutively as well (13) . These pseudorevertants are reported to contain a suppressor mutation which allows constitutive synthesis of fucos-e permease, isomerase, and kinase. This suppressor mutation appears to differ from our constitutive mutation in that the suppressor mutation is not closely linked to the L-fucose gene cluster (5) , whereas the constitutive mutation in strain JM3406 (fucR6), isolated as a D-arabinose-positive mutant of an L-fuculokinase-negative parent, is tightly linked to the fucose gene cluster, near or within a gene believed to code for a positive activator of the fucose operons (22, 23) . We have no explanation as to why the unlinked constitutive-type mutation -did not arise in any of our isolates, although we have isolated a mutant by a different selection which contains a mutation, fucQ6, -similar to the unlinked suppressor mutation described by Chen et al. (5) in -that it results in constitutive synthesis of L-fucose permease, isomerase, and kinase and that it is unlinked to the fucose genes or to the fucR6 mutation (2) . We also have no explanation as to why D-arabinose-positive isolates of E. coli K-12 have not previously exhibited a constitutive phenotype, since the linked fucR6 constitutive mutation, in contrast to the unlinked fucQ6 constitutive mutation (2), does not appear to have a deleterious effect on the bacterium and the growth rate of the fucR6 constitutive strain on D-arabinose is at least as fast as that of the inducible-type isolates.
Because the levels of the constitutively synthesized enzymes are extremely low, we were unable to determine whether the aldolase is constitutively synthesized in JM3406. If the constitutive mutation is located within the positive activator gene, the aldolase should be constitutively synthesized along with the permease, isomerase, and kinase. A TnlO insertion near the fucose genes was used as a selective marker in transductions with JM3406 as the donor and a ribitol-negative strain as the recipient. Those transductants which had received the constitutive mutation as well as TnlO were able to grow on D-arabinose without requiring further mutation. Since synthesis of L-fuculose-l-phosphate aldolase is required for growth of ribitol-negative strain on D-arabinose and since these D-arabinose-positive transductants contain only the constitutive mutation, we feel that the aldolase must be constitutively synthesized as well as the early fucose enzymes. We have not, however, ruled out the possibility that D-ribulose-l-phosphate is normally an inducer of L-fuculose-1-phosphate aldolase, and this must remain a consideration until proven otherwise.
